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I. INTRODUCTION -- AND SUMMARY 

The Man-Vehicle Con t ro l  L a b o r a t o r y  h a s  been c o n t i n u i n g  
i t s  s t u d y  o f  t h e  problem of  dynamic space  o r i e n t a t i o n  unde r  
t h e  d i r e c t i o n  of  P r o f e s s o r s  Y. T.  L i ,  Laurence  R. Young and  
Jacob  L. Meiry and w i t h  t he  a c t i v e  p a r t i c i p a t i o n  o f  a p p r o x i -  
m a t e l y  15 g r a d u a t e  s t u d e n t s  i n  t h e  Department  o f  A e r o n a u t i c s  
and A s t r o n a u t i c s .  We have been c o n s i d e r i n g  three ma jo r  a s p e c t s  
of  t h e  problem: models f o r  t h e  human sensors,  models f o r  t h e  
human o p e r a t o r  per formance  i n  a c o n t r o l  t a sk  and a p p l i c a t i o n  
o f  these models.  T h i s  r e p o r t  r e v i e w s  some o f  t h i s  work 
c a r r i e d  o u t  i n  t h e  l a t t e r  h a l f  o f  1966. 

The p r imary  research on s e n s o r  models c o n t i n u e s  t o  be on 
t h e  v e s t i b u l a r  system and t h e  r o l e  of mot ion  c u e s  i n  p i l o t  per- 
formance.  A new s i n g l e  a x i s  s i m u l a t o r  i s  b e i n g  c o n s t r u c t e d  and  
three e x p e r i m e n t a l  programs a r e  b e i n g  conduc ted  i n  t h i s  area. 
I n  a d d i t i o n  o u r  o l d e r  eye-movement model has been r e v i s e d  and 
s i m u l a t e d  on o u r  hybr id  computer.  

i n  t h e  development  of  3-D d i s p l a y  t e c h n i q u e s  for  u s e  wi th  a 
c a t h o d e  r a y  t u b e .  By u s i n g  k i n e s t h e t i c  c u e s  t o  get  monocular  
s t e r e o  e f fec ts ,  r e l a t i n g  t he  d isp layed  cube t o  v e h i c l e  mot ion  
and p i l o t ' s  head p o s i t i o n ,  we can  a c h i e v e  some degree o f  depth 
p e r c e p t i o n  w i t h  a two d imens iona l  d i s p l a y .  I n  a d d i t i o n ,  o u r  
work on  t h e  u s e  of t h e  phase p l a n e  d i s p l a y  f o r  o p t i m a l  c o n t r o l  
of  high o r d e r  systems has n e a r l y  been  comple ted .  

m o d e l l i n g  was t h e  r e s u l t  o f  an a p p l i c a t i o n  o f  Bayes i an  u p d a t i n g  
t o  a d i s c r e t e  s t o c h a s t i c  l e a r n i n g  model. The l e a r n i n g  p r o c e s s  
i s  modelled as a r e v i s i o n  of a p r i o r i  e s t i m a t e s  o f  a n  optimum 

Our major  new a p p l i c a t i o n  e f f o r t  i n  t h i s  p e r i o d  has been  

A ma jo r  new approach  t o  a d a p t i v e  and l e a r n i n g  b e h a v i o r  



s w i t c h i n g  l i n e  i n  s t a t e  space .  The t h o r y  a t tempts  t o  e x p l a i n  
how a n  o p e r a t o r  l earns  t o  r e g u l a t e  t h e  s t a t e  o f  a dynamic sys -  
t e m .  Another  m o d e l l i n g  i n v e s t i g a t i o n  was d e v o t e d  t o  t h e  

m u l t i l o o p  c o n t r o l  problem i n  which t h e  o p e r a t o r  was model led  
by a cascade c o n f i g u r a t i o n .  Us ing  h e l i c o p t e r  c o n t r o l  a s  a n  
example t h e  f i rs t  human o p e r a t o r  b l o c k  c o n t r o l s  a t t i t u d e  and t h e  

second p o r t i o n  p r o v i d e s  t h e  a t t i t u d e  r e f e r e n c e .  F i n a l l y ,  w e  
comple ted  o u r  work on  c o n s t r u c t i o n  of  a r a t e  g y r o  a u t o p i l o t  f o r  
moto rb ike  s t a b i l i z a t i o n ,  based o n  t h e  p r i n c i p l e s  o f  human s t a b i l i -  
z a t i o n .  
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11. SENSOR MODELS 

1. E f f e c t s  o f  Motion Cues on  Per formance  

I n  o u r  c o n t i n u i n g  s t u d y  o f  t h e  v e s t i b u l a r  sys t em t h e  

e f f e c t s  o f  mot ion  c u e s  a r e  b e i n g  s y s t e m a t i c a l l y  examined. D e -  
pend ing  on t h e  c i r c u m s t a n c e s ,  mot ion  c u e s  may be a h e l p  o r  a 
h i n d r a n c e  t o  human per formance  i n  a man-vehic le  sys t em.  An 
e x t e n s i v e  s t u d y  of d a t a  t a k e n  o v e r  a wide r a n g e  o f  v e h i c l e  dy- 
namics  i s  b e i n g  made t o  d e t e r m i n e  e x a c t l y  when mot ion  c u e s  a r e  
h e l p f u l .  Hopefu l ly ,  we w i l l  be a b l e  t o  d e r i v e  from t h e  d a t a  a 
t h e o r y  which w i l l  p e r m i t  t h e  p r e d i c t i o n  o f  moving-base p e r f o r -  
mance from f i x e d - b a s e  d a t a  and s i g n i f i c a n t l y  r e d u c e  t h e  time 
and  money i n v o l v e d  i n  moving-base s i m u l a t i o n .  

A program h a s  been developed  and  t e s t e d  which w i l l  p e r m i t  
t h e  t e s t i n g  o f  s u b j e c t s  i n  f i x e d  o r  moving b a s e  o v e r  a wide 

r a n g e  of dynamics,  and  a u t o m a t i c a l l y  g e n e r a t e  a s  o u t p u t :  
1. t h e  i n t e g r a l  s q u a r e  e r r o r  f o r  a 90 second  r u n ,  
2 .  t h e  l i n e a r  p a r t  of t h e  human o p e r a t o r ' s  d e s c r i b i n g  

3 .  tne magni tude  o f  t h e  remnant  p a r t  o f  t h e  human o p e r a -  
f u n c t i o n ,  ampl i tude ,  and  phase ,  and  

t o r ' s  d e s c r i b i n g  f u n c t i o n .  
The t e s t i n g  o f  t h i s  program has c o n s i s t e d  o f  r u n n i n g  i t  w i t h  

d i r e c t  f eedback ,  r u n n i n g  i t  t h r o u g h  known f i l t e r s ,  and  t a k i n g  
p r e l i m i n a r y  d a t a  for o p e r a t o r  c o n t r o l  o f  f i x e d  base v e h i c l e  dy- 
namics  o f  t h e  t y p e  l/s, 1/2s-1, and  l /s+l.  T e s t i n q  of s u b j e c t s  
i s  e x p e c t e d  t o  b e g i n  e a r l y  i n  t h e  s p r i n g .  The t e s t s  w i l l  be 

f i x e d - b a s e  a t  f i r s t ,  and  moving-base l a t e r ,  when t h e  NE-2 simu- 
l a t o r  i s  p r e p a r e d .  The d a t a  w i l l  be  r educed  and  t a b u l a t e d  

d u r i n g  t h e  e x p e r i m e n t a l  p e r i o d  ( a b o u t  f o u r  months) .  
of t h i s  s t u d y  s h o u l d  be a q u a n t i t a t i v e  g e n e r a l i z a t i o n  o f  t h e  

e f f e c t s  of  v e h i c l e  motion o f  p i l o t s '  c o n t r o l  a b i l i t y .  

The r e s u l t s  
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2 .  C o n s t r u c t i o n  o f  S i n g l e  Axis  R o t a t i o n  Device  f o r  V e s t i b u l a r  
S t u d i e s  

A r o t a t i n g  c h a i r  s i m u l a t o r  has been d e s i g n e d  and i s  c u r -  
r e n t l y  be ing  c o n s t r u c t e d .  The  c h a i r  p o r t i o n  w i l l  be a n  e n t i r e l y  
e n c l o s e d  box i n  which t h e  s u b j e c t  w i l l  s i t  u p r i g h t ,  seeing no 
o u t s i d e  r e f e r e n c e .  H i s  head w i l l  be s u p p o r t e d  by a head r e s t  
and  h i s  mouth f i x e d  t o  a b i t e  b o a r d .  H e  may wear p h o t o r e c e p t o r  
s p e c t a c l e s  t o  mon i to r  eye  nystagmus and h e  may m a n i p u l a t e  a joy -  
s t i c k .  H i s  head w i l l  be p o s i t i o n e d  above t h e  a x i s  o f  r o t a t i o n .  

The c h a i r  w i l l  be r o t a t e d  a b o u t  a v e r t i c a l  a x i s  by two 
7 1/2 f t - l b  t o r q u e  motors  connec ted  d i r e c t l y  t o  t h e  s h a f t  o f  
t h e  c h a i r .  T h i s  amount o f  a v a i l a b l e  t o r q u e  w i l l  a l l o w  t h e  c h a i r  
t o  be d r i v e n  w i t h  a s i n u s o i d a l  a c c e l e r a t i o n  whose peak  r a n g e s  
from 10 degrees / sec2  t o  100/degrees/sec2 a t  any  f r e q u e n c y  i n  
t h e  r a n g e  .01 c p s  t o  1 c p s .  A s i n g l e  s p e e d  r e s o l v e r  i s  u s e d  
f o r  c l o s i n g  a p o s i t i o n  f eedback  l o o p .  I n  open l o o p  o p e r a t i o n  
t h e  number o f  r e v o l u t i o n s  i s  u n l i m i t e d ,  and  t h e  c h a i r  can  be 

o p e r a t e d  a t  c o n s t a n t  v e l o c i t y  or a c c e l e r a t i o n .  The s i m u l a t o r  
s h z l ~ l c !  be zomplztzd ir, t he  spring. It w i l l  be csed t.n e x t e n d  
t h e  e x p e r i m e n t a l  r e s u l t s  o f  Hixson and Niven on n o n l i n e a r  
e f f e c t s  i n  nystagmus p h a s e  and t o  i n v e s t i g a t e  t h e  t h r e s h o l d s  of  
p e r c e p t i o n  and  nystagmus f o r  a n g u l a r  a c c e l e r a t i o n .  It w i l l  
a l s o  be used  i n  t h e  c a n a l  c a l o r i c  e x p e r i m e n t s ;  s u b j e c t s  who have  
p r e v i o u s l y  been i n v o l v e d  i n  c a l o r i c  tes ts  o f  t h e i r  v e s t i b u l a r  
systems w i l l  be g i v e n  l a t e n c y  t ime t e s t s  u s i n g  t h e  c h a i r  open 
l o o p .  They w i l l  be g i v e n  a s t e p  o f  a c c e l e r a t i o n  and a s k e d  t o  
push  t h e  j o y s t i c k  when t h e y  f e e l  r o t a t i o n .  The r e s u l t s  o f  these  
e x p e r i m e n t s  w i l l  t h e n  be c o r r e l a t e d  w i t h  t h e  r e s u l t s  of t h e  c a l o -  
r i c  tests.  

F i n a l l y ,  t h i s  r o t a t i n g  c h a i r  w i l l  be p l a c e d  on t h e  32 f o o t  
r a d i u s  c e n t r i f u g e  o f  t h e  M.I.T. I n s t r u m e n t a t i o n  L a b o r a t o r y  f o r  
c o u n t e r - r o t a t i n g  expe r imen t s  t o  t e s t  some o f  o u r  f l u i d  dynamic 
models  of  c r o s s  c o u p l i n g  i n  t h e  c a n a l s .  
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3. The L a b y r i n t h i n e  F l u i d s  and  t h e  C a l o r i c  S t i m u l a t i o n  Model 
o f  S e m i c i r c u l a r  Canals  (Al so  s u p p o r t e d  i n  p a r t  by NASA 

Gran t  NGR 22-009-156) 

P r o p e r t i e s  o f  t h e  L a b y r i n t h i n e  F l u i d s  
I n  t h e  p a s t  s i x  months, t h e  equipment  f o r  t h e  measurement 

of  t h e  d e n s i t y ,  c o e f f i c i e n t  o f  t h e r m a l  expans ion ,  v i s c o s i t y ,  and 
thermal c o e f f i c i e n t  o f  v i s c o s i t y  has  been  c o n s t r u c t e d  and  C a l i -  

b r a t e d ,  and  samples  o f  c a t  and human pe r i lymph  and  human endo- 
lymph have  been  measured. The r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  
1. The a f o r e m e n t i o n e d  p r o p e r t i e s  w i l l  be e v a l u a t e d  for c a t  
endolymph a s  soon a s  samples a r e  a v a i l a b l e ,  and  t h e  equipment  
for t h e  measurement o f  t he rma l  c o n d u c t i v i t y  i s  b e i n g  comple ted .  

Newtonian b e h a v i o r  of Human Endolymph 
By o p e r a t i n g  t h e  mic rov i scomete r  a t  two d i f f e r e n t  a n g l e s  

of i n c l i n a t i o n  (20' and  35') i t  was found t h a t  t h e  v i s c o s i t i e s  
d i d  n o t  v a r y  a p p r e c i a b l y ,  a l t h o u g h  t h e  t e r m i n a l  v e l o c i t i e s  o f  
t h e  r o l l i n g  s p h e r e s  was n e a r l y  doub led .  The v i s c o s i t y  was 
a l sc !  measured a f t e r  s e t t i n g  fer ep.e day,  a ~ d  agair, after c ~ e  
week. Wi th in  t h e  2% a c c u r a c y  l i m i t a t i o n  o f  t h e  i n s t r u m e n t ,  no 
m e a s u r a b l e  change i n  v i s c o s i t y  was n o t e d .  Thus i t  a p p e a r s  t h a t  
endolymph i s  n o t  a shea r  t h i n n i n g  f l u i d ,  n o r  does  i t s  v i s c o s i t y  
change  w i t h  s e t t i n g  time;" f u r t h e r ,  i t s  chemica l  a n a l y s i s  zhows 
a low p r o t e i n  c o n t e n t  t h a t  i s  t y p i c a l  of Newtonian f l u i d s .  

11 

V e r i f i c a t i o n  of t h e  C a l o r i c  S t i m u l a t i o n  Model 
Dur ing  t h e  p a s t  term an  expe r imen t  has been d e s i g n e d  w i t h  

t h e  a s s i s t a n c e  of  Dr. A .  Weiss a t  t h e  M a s s a c h u s e t t s  Eye and  E a r  
I n f i r m a r y  t o  measure t h e  l a t e n c y  t o  o n s e t  of o c u l a r  nystagmus 
d u r i n g  c a l o r i c  s t i m u l a t i o n .  The d a t a  from t h e  f i r s t  s u b j e c t  i s  
c u r r e n t l y  b e i n g  a n a l y z e d  and i t  i s  a n t i c i p a t e d  t h a t  a t o t a l  o f  
t e n  s u b j e c t s  w i l l  be  r u n  w i t h i n  t h e  n e x t  month. 
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Analog and d i g i t a l  computer r e s p o n s e s  o f  t h e  p roposed  
model t o  s t e p  i n p u t s  o f  c a l o r i c  s t i m u l u s  have  been e v a l u a t e d ,  
and t h e  r e s u l t s  have  been i n c l u d e d  i n  t h e  p a p e r  " P r o p e r t i e s  o f  
t h e  L a b y r i n t h i n e  F l u i d s  and  Q u a n t i f i c a t i o n  o f  t h e  Phenomenon 
o f  C a l o r i c  S t i m u l a t i o n ,  which was p r e s e n t e d  a t  t h e  T h i r d  Annual 
Symposium on t h e  Role  o f  t h e  V e s t i b u l a r  Organs i n  Space Exp lo ra -  
t i o n  a t  Pensaco la ,  F l o r i d a ,  J a n u a r y  2 7 ,  1967, by S t e e r ,  Young, 
L i ,  and  Meiry.  
A b s t r a c t :  

11 

The p h y s i c a l  p r o p e r t i e s  o f  endolymph and  p e r i -  
lymph ( v i s c o s i t y ,  d e n s i t y ,  t h e r m a l  c o e f f i c i e n t  o f  
v i s c o s i t y ,  and  c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n )  
which a r e  p e r t i n e n t  t o  t h e  q u a n t i f i c a t i o n  o f  t h e  
dynamic b e h a v i o r  o f  t h e  human v e s t i b u l a r  s e n s o r s  
have been e v a l u a t e d .  D e s c r i p t i o n s  and  e r r o r  a n a l -  
yses of  t h e  i n s t r u m e n t s  u s e d  f o r  t he  measurements 
a r e  p r e s e n t e d .  

The phenomenon of  c a l o r i c  s t i m u l a t i o n  o f  t h e  
s e m i c i r c u l a r  c a n a l s  i s  d e s c r i b e d  q u a n t i t a t i v e l y ,  
and a dynamic model i s  p r e s e n t e d .  To v e r i f y  t h e  
proposed  model, t h e  human 's  r e s p o n s e  t o  c a l o r i c  
s t i m u l a t i o n  i s  compared t o  h i s  r e s p o n s e  t o  a n g u l a r  
a c c e l e r a t i o n  s t i m u l a t i o n .  

4. F l u i d  Dynamic A n a l y s i s  o f  S e m i c i r c u l a r  C a n a l s  

The work of  t h e  p a s t  months i n  t h e  a r e a  o f  f l u i d  dynamic 
a n a l y s i s  o f  a " r i g i d  cana l ' '  h a s  l e d  t o  a system d e s c r i b i n g  
f u n c t i o n  o f  t h e  form: 

03 n 
H 
i 

2 
i s2 + 251 ais + !JJ 

e c  
a - ( s ) =  

i=1 

where BC = c u p u l a  d i s p l a c e m e n t  

Q = angular  a c c e l e r a t i o n  

where t h e  A i, Ii, and ai a r e  f u n c t i o n  o f  t h e  v i s c o s i t y  o f  t h e  
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f l u i d ,  t h e  c o e f f i c i e n t s  o f  z e r o  o r d e r  B e s s e l  f u n c t i o n s ,  and t h e  

" s p r i n g  c o n s t a n t "  o f  t h e  cupu la .  

a s  a c c u r a t e l y  a s  p o s s i b l e  from t h e  d a t a  a v a i l a b l e ,  b u t  t h e  l a c k  
o f  i n f o r m a t i o n  a n  t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  cupu la  makes 
n u m e r i c a l  e v a l u a t i o n  o f  wi ve ry  d i f f i c u l t ;  we w i l l  p r o b a b l y  have 
t o  u s e  d a t a  from motion e x p e r i m e n t s .  It i s  e x p e c t e d  t h a t  t h e  

a n a l y s i s  o f  a " f l e x i b l e  c a n a l "  s t r u c t u r e  u n d e r  t h e  i n f l u e n c e  o f  
c o u n t e r - r o t a t i o n  w i l l  s h o r t l y  be  comple ted  by f i n d i n g  t h e  magni- 
t u d e  of t h e  c i r c u l a t i o n  f u n c t i o n  a s  a f u n c t i o n  o f  c a n a l  f l e x i -  
b i l i t y .  

I n  t h e  coming months these c o e f f i c i e n t s  w i l l  b e  de t e rmined  

5- O t o l i t h  Models 

Based on f u r t h e r  c o n s i d e r a t i o n  o f  t h e  n a t u r e  o f  t h e  o t o -  
l i t h  r e s p o n s e  mechanism we have r e v i s e d  o u r  dynamic model o f  
t h e  s e n s o r .  T h i s  model a g r e e s  w i t h  a l l  known t e s t  d a t a  on p e r -  

c e p t i o n  o f  t i l t  o r  l i n e a r  a c c e l e r a t i o n  and  eye  c o u n t e r r o l l i n g  
d a t a .  The model i s  d e s c r i b e d  i n  a p a p e r  s u b m i t t e d  t o  t h e  T h i r d  

Symposium on t h e  V e s t i b u l a r  Organs i n  Space E x p l o r a t i o n ,  Pensa-  
c o l a ,  F l o r i d a ,  J a n u a r y  1967. The a b s t r a c t  o f  t h e  p a p e r  by Young 
and  Meiry  i s  g i v e n  below. 

A b s t r a c t :  

The b a s i c  dynamic o t o l i t h  model o f  Meiry was 
based  on o b s e r v e d  r e l a t i o n s  between p e r c e i v e d  d i r e c -  
t i o n  o f  l i n e a r  motion and i n p u t  a c c e l e r a t i o n .  A l -  
though t h i s  model c o r r e c t l y  p r e d i c t e d  p h a s e  o f  
p e r c e i v e d  v e l o c i t y  f o r  l a t e r a l  o s c i l l a t i o n  and  time 
t o  d e t e c t  mot ion  under  c o n s t a n t  a c c e l e r a t i 3 n ,  i t  
f a i l e d  t o  a c c o u n t  f o r  a t  l e a s t  two o b s e r v a t i o n :  

i ) B e h a v i o r a l  and e l e c t r o p h y s i o l o g i c a l  d a t a  
i n d i c a t e  a s u s t a i n e d  s t e a d y  o t o l i t h  o u t p u t  t o  s u s -  
t a i n e d  t i l t  a n z l e .  The m o d e l ' s  p e r c e i v e d  a c c e l e r a -  
t i o n  o r  t i l t  o u t p u t  decayed t o  z e r o  w i t h  a time 
c o n s t a n t  o f  10 seconds .  
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ii) Dynamic c o u n t e r r o l l i n g  d a t a  a g r e e  w i t h  t h e  
model a t  h i g h e r  f r e q u e n c i e s .  The e x p e r i m e n t a l  coun- 
t e r r o l l i n g  a t  z e r o  f r equency ,  however, i n d i c a t e s  a 
s t a t i c  component of o t o l i t h  o u t p u t  w i t h  no p h a s e  l a g  
r e f e r r e d  t o  a c c e l e r a t i o n ;  whereas  t h e  model had no 
s t a t i c  o u t p u t  and  approached  90 d e g r e e s  o f  l e a d  a t  
z e r o  f r equency .  

A t  t h e  s u g g e s t i o n  o f  Dr. H .  Von G i e r k e ,  a s t a t i c  
component was i n c l u d e d  i n  t h e  o t o l i t h  model. The 
r e v i s e d  l i n e a r  model a l l o w s  s t e a d y  s t a t e  r e s p o n s e  t o  
a c c e l e r a t i o n .  

T h i s  r e v i s e d  l i n e a r  model w i l l  a c t  a p p r o x i m a t e l y  
a s  a v e l o c i t y  t r a n s d u c e r  o v e r  t h e  mid- f requency  
r a n g e  (0.lg-c LD 1.5 rad / sec .  ) . The t r a n s f e r  func-  
t i o n  from s p e c i f i c  f o r c e  t o  p e r c e i v e d  t i l t  o r  l a t e r a l  
a c c e l e r a t i o n  h a s  a s t a t i c  s e n s i t i v i t y  o f  0 .4 .  

6 .  Eye Movement Model 

The sampled da t a  model f o r  e y e  t r a c k i n g  movements d e v e l -  
oped  by P r o f e s s o r  Young is  b e i n g  s i m u l a t e d  on  t h e  h y b r i d  compu- 
t e r ,  and  s e v e r a l  m o d i f i c a t i o n s  a r e  b e i n g  i n c o r p o r a t e d .  The 
most i m p o r t a n t  i s  t h e  p o s t u l a t i o n  o f  a c o n t i n u o u s  p u r s u i t  l o o p  
a c t i n g  on t a r g e t  r a t e .  A d d i t i o n a l l y ,  r u n n i n g  t h e  s i m u l a t i o n  
a t  a v a r i e t y  o f  p o s s i b l e  s y n c h r o n i z a t i o n s  between i n p u t  changes  
and  sampl ing  i n s t a n t s  ( a s  p o s t u l a t e d  b u t  n o t  pu r sued  i n  t h e  o r i -  
g i n a l  model)  r e v e a l s  a l l  t h e  d i f f e r e n t  t y p e s  of e y e  movement 
t r a n s i e n t  r e s p o n s e  a b s e r v e d  and  r e p o r t e d  i n  t h e  l i t e r a t u r e .  
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111. DISPLAYS 

1. The 3-D CRT D i s p l a y  

S i n c e  September ,  1966, t h e  L a b o r a t o r y  h a s  d i r e c t e d  a 
s u b s t a n t i a l  p o r t i o n  o f  i t s  e n e r g y  t o  t h e  development  o f  a com- 
p u t e r  g e n e r a t e d  v i s u a l  d i s p l a y  i n  which v a r i o u s  " d e p t h  cues"  
a r e  i n c l u d e d  i n  t h e  p r e s e n t a t i o n  on a two d i m e n s i o n a l  CRT s c r e e n .  

The f i rs t  s t e p  was t o  d i s c o v e r  what p a r a m e t e r s  a r e  impor- 
t a n t  i n  t h e  p e r c e p t i o n  o f  dep th .  By p e r f o r m i n g  t h e  normal  psy-  
c h o p h y s i c a l  e x p e r i m e n t s  w i t h  d i f f e r e n t  s i z e  cubes  a n d  s p h e r e s  
h e l d  m o t i o n l e s s  i n  a d a r k  room it  was v e r i f i e d  t h a t  

1. B i n o c u l a r  v i s i o n  i s  a v e r y  s t r o n g  d e p t h  cue .  
2 .  Monocular v i s i o n  w i t h  t h e  a b s e n c e  o f  head  movement 

g i v e s  no d e p t h  cue.  
3. Monocular v i s i o n  w i t h  head  movement g i v e s  a l m o s t  a s  

s t r o n g  a d e p t h  cue as  b i n o c u l a r  v i s i o n .  
These  e x p e r i m e n t s  were per formed w i t h  t h e  o b j e c t s  no more 

t h a n  f i f t e e n  f e e t  away from t h e  v i ewer .  It was conc luded  t h a t  
head mevemer?t prcvides a EtTC??$ cue tc t h e  cl?,ar,wn ir, depth cf 6b 

t h e  o b j e c t  b e i n g  viewed when t h e  o b j e c t  i s  a t  c l o s e  r a n g e .  
T h e r e f o r e ,  t h e  3-D d i s p l a y  w i l l  e v e n t u a l l y  i n c l u d e  some t y p e  o f  
head  p o s i t i o n  s e n s o r  so t h a t  t h e  3-D r e p r e s e n t a t i o n  on t h e  CRT 
s c r e e n  w i l l  change i n  p e r s p e c t i v e  a s  t h e  head  i s  moved. 

A cube was chosen  a s  t h e  i n i t i a l  o b j e c t  to be  d i s p l a y e d .  
P r e l i m i n a r y  work produced a s t a t i c  d i s p l a y .  The u l t i m a t e  g o a l  
i s  t o  a l l o w  t h e  cbserver a f u l l  s i x  degrees o f  freedom o f  a p p a r -  
e n t  mot ion  a b o u t  t h e  cube ;  t h e  chang ing  a s p e c t  p roduces  a d e p t h  
c u e  s i m i l a r  to t h a t  o f  head mot ion .  

Our h y b r i d  computer  was used  f o r  t h e  d i s p l a y  g e n e r a t i o n ,  
w i t h  t h e  v i s u a l  o u t p u t  p r e s e n t e d  on a d u a l  beam o s c i l l o s c o p e .  
The d i g i t a l  p o r t i o n  of  t h e  computer i s  used  to genera te  and s t o r e  
t h e  d i s p l a y  l i s t  of  l i n e s  t o  be  shown. The l i s t  i s  c o n v e r t e d  
l i n e  by l i n e  from d i g i t a l  t o  a n a l o g  on r e q u e s t  by t h e  a n a l o g  
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computer ,  which c r e a t e s  t h e  a c t u a l  v o l t a g e s  used  t o  d r i v e  t h e  

CRT sweep. These  d a t a  t r a n s f e r s  a r e  done t h r o u g h  t h e  use o f  
i n t e r r u p t  programming s o  t h a t  t h e  d i s p l a y  l i s t  c a l c u l a t i o n s  con- 
t i n u e  when t h e  d i g i t a l  p o r t i o n  o f  t h e  machine i s  n o t  engaged i n  
t h e  t r a n s f e r  of  da ta .  The cube l e n d s  i t s e l f  wel l  t o  b e i n g  
drawn w i t h  i t s  edges  a s  f o u r  t r i a d s  o f  l i n e s .  T h i s  approach  
r e q u i r e d  fewer d a t a  t ransfers  and a l l o w e d  a v e r y  symmet r i ca l  
l o g i c .  The inI 'o rmat ion  t r a n s m i t t e d  i s  t h e  s c r e e n  c o o r d i n a t e s  
o f  t h e  v e r t e x  o f  each  t r i a d  and  t h e  s l o p e  of' each  l i n e  a s s o c i a t e d  
w i t h  t h a t  v e r t e x .  

The a n a l o g  computer  uses t h e  v e r t e x  c o o r d i n a t e s  a s  t h e  

i n i t i a l  c o n d i t i o n  I'or t h r e e  i n t e 5 r a t i o n s .  The i n t e g r a t i o n s  a r e  
o f  a x  and o y  o f  each  l i n e  f o r  a p e r i o d  T w i t h  a g a i n  1/T. T h i s  

s e r i e s  ot'  ramps p r o v i d e s  t h e  h o r i z o n t a l  and  v e r t i c a l  d e f l e c t i o n  
s i g n a l s  t o  t h e  o s c i l l o s c o p e  a n d  a r e  p a r a m e t r i c  i n  time and syn-  
c h r o n i z e d .  The o s c i l l o s c o p e  h a s  a n  i n p u t  f o r  e l e c t r i c a l  c o n t r o l  
of t h e  beam i n t e n s i t y ,  which i s  u s e d  t o  b l a n k  t h e  t r a c e  a s  it 
boves between l i n e s .  

Under  t e s t  i t  was demons t r a t ed  t h a t  t h e  a n a l o g  i n t e g r a t o r s  
c o u i ci a c c u r a  Le i y ge r le r*a t e t ii e Y y r i  c iiro [i i zed d e  I" i e c t ion s I g i ~  1 s 

['or t h e  o s c i l l o s c o p e  from d a t a  p r o v i d e d  by t h e  d i g i t a l  computer .  
t h i s  t e c h n i q u e  a t  p r e s e n t  can d i s p l a y  500 l i n e s  p e r  second.  A t  

30 frames p e r  s econd ,  t h e  d i s p l a y  i s  l i m i t e d  t o  16 l i n e s  t o  de-  
s c r i b e  t h e  ob . jec t  or o b j e c t s .  

The program t o  a l l o w  t h e  o b s e r v e r  a f u l l  s i x  d e g r e e s  o f  
f reedom takes a major  p o r t i o n  o f  t h e  d i g i t a l  computer  time. 
E s s e n t i a l l y ,  t h e  approach  is  t o  keep t r a c k  o f  t h e  t h ree  dimen- 
s i o n a l  c o o r d i n a t e s  o f  t h e  cube  v e r t i c e s  i n  body a x e s  ( F i g .  l), 
r e f e r 3 n c e d  t o  t h e  o b s e r v e r ' s  e y e ,  and t o  c o n t i n u a l l y  u p d a t e  these  
c o o r d i n a t e s  a s  t h e  o b s e r v e r  t r a n s l a t e s  a n d  r o t a t e s  i n  s p a c e .  P e r -  
s p e c t i v e  e q u a t i o n s  ( F i g .  2 )  a r e  t h e n  used  t o  c a l c u l a t e  t h e  two 
d i m e n s i o n a l  c o o r d i n a t e s  of t h e  v e r t i c e s  on  t h e  d i s p l a y  s c r e e n ,  
a l l o w i n g  f o r  o b s e r v e r  h?ad movement w i t h  r e l a t i o n  t o  t h e  CRT. 

These  c o o r d i n a t e s  a r e  t h e n  r e a r r a n g e d  i n t o  trie p o i n t  and s l o p e  
f o r m a t  of' t h e  t r i a d  d i s p l a y  l i s t .  
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Under a t e s t ,  a moving cube  was d i s p l a y e d  i n  t he  p r o p e r  
p e r s p e c t i v e .  The s i g n a l s  o f  a p i l o t  c o n t r o l  s t i c k  c a n  now be 
c o n v e r t e d  from a n a l o g  t o  d i g i t a l  f o r  u s e  i n  t h e  c o o r d i n a t e  
u p d a t i n g  c a l c u l a t i o n s .  I n  t h i s  way, d i r e c t  two d i m e n s i o n a l  
t r a n s l a t i o n a l  p o s i t i o n  c o n t r o l  has  been o b t a i n e d .  

Scene  r o t a t i o n  o f  t h e  t h r e e  d i m e n s i o n a l  c o o r d i n a t e s  
r e q u i r e d  c a r e f u l  r e v i e w  o f  ma themat i ca l  t e c h n i q u e s :  If t h e  

t h ree  s p a c e  c o o r d i n a t e s  o f  each  v e r t e x  p o i n t  a r e  o p e r a t e d  upon 
s u c c e s s i v e l y  by a n  o r t h o g o n a l  c o o r d i n a t e  t i s a n s  fo:ma;ii0:i riaLL7i:c 

o f  t h e  t y p e  shown i n  F i g u r e  3, a n y  a r b i t r a r y  r o t a t i o n  i n  s p a c e  
can  be r e d u c e d  t o  t h e  r e s u l t a n t  o f  a s i n g l e  p i t c h ,  roll, and/or 
yaw maneuver u s i n g  t h e  p r o d u c t  of these  r o t a t i o n  m a t r i c e s .  Un- 
f o r t u n a t e l y ,  m a t r i x  m u l t i p l i c a t i o n  i s  n o t ,  i n  g e n e r a l ,  commuta- 
t i v e ,  so  t h a t  t h e  magni:ude o f  t h e  r o l l ,  p i t c h ,  and  yaw a n g l e s  
n e c e s s a r y  t o  a c h i e v e  a g i v e n  a r b i t r a r y  r o t a t i o n  depends  v e r y  
much on t h e  o r d e r  i n  which t h e y  a r e  per formed.  For t h e  pu rposes  
o f  t h e  d i s p l a y  c a l c u l a t i o n s ,  a g i v e n  r o t a t i o n  would have  t o  be 

b u i l t  up o u t  o f  a se r ies  of  s m a l l  p i t c h ,  roll, and  yaw t r a n s -  
f o r m a t i o n s ,  s i n c e  t h e  ma t r ix  p r o d u c t  o f  these  t r a n s f o r m a t i o n s  
d o e s  commute t o  t h e  f i r s t  o r d e r .  T h u s ,  ---'-- U ~ L I A &  ai i ia i i  ---" a L i b j l A l u L  n m - - 7 1 - n  

i n c r e m e n t s ,  a r e a s o n a b l e  approx ima t ion  t o  a g i v e n  r o t a t i o n  can 
be a c h i e v e d  by a s e r i e s  o f  n e a r l y  s i m u l t a n e o u s  r o t a t i o n s  th rough  
small  a n g u l a r  i n c r e m e n t s  abou t  t h e  o b s e r v e r ' s  c o o r d i n a t e  a x e s .  

u s e d ,  i t  was hoped t h a t  a f i rs t  o r d e r  a p p r o x i m a t i o n  f o r  t h e  s i n e  
a n d  c o s i n e  terms i n  t h e  t r a n s f o r m a t i o n  shown i n  F i g u r e  3 c o u l d  
be used .  A program developed  u s i n g  t h i s  t r a n s f o r m a t i o n  ( F i g u r e  
4 )  showed a l a rge ,  u n s t a b l e  d i s t o r t i o n  o f  t h e  c o o r d i n a t e  f i e l d  

a f t e r  o n l y  a few r o t a t i o n s .  I n v e s t i g a t i o n  showed t h a t ,  indeed ,  
t h e  E i g e n v a l u e s  o f  t h i s  t r a n s f o r m a t i o n  a r e  complex, and  have a 
magni tude  g r e a t e r  t h a n  one .  However, a t r a n s f o r m a t i o n  s i m i l a r  
t o  t h a t  shown i n  F i g u r e  5 shou ld  a l l o w  s t a b l e  r o t a t i o n s  t o  be 

per formed,  s i n c e  t h e  E igenva lues  o f  t h i s  t r a n s f o r m a t i o n ,  though 
complex, do have  u n i t y  magnitude.  Computer imp lemen ta t ion  o f  

S i n c e  a " t a b l e  l o o k  up" t e c h n i q u e  c o u l d  n o t  be c o n v e n i e n t l y  
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t h i s  t r a n s f o r m a t i o n  a s  a se r ies  of d i f f e r e n c e  e q u a t i o n s  a p p e a r s  
s i m p l e  and  p romis ing .  

I n  t h e  coming months o u r  o b j e c t i v e s  a r e  t o  r e f i n e  t h e  
a c c u r a c y  and  i n c r e a s e  t h e  speed  o f  t h e  t h r e e  d i m e n s i o n a l  d i s p l a y  
and  t o  d e v e l o p  a head  p o s i t i o n  s e n s o r .  With g r e a t e r  computa- 
t i o n a l  speed ,  more t h a n  one o b j e c t  c a n  be shown on t h e  d i s p l a y .  
C u r r e n t l y ,  compensa t ion  is  made for l i n e  l e n g t h  so t h a t  l o n g  
l i n e s  have  t h e  same b r i g h t n e s s  a s  s h o r t  l i n e s ,  and  w e  a r e  i n c o r -  
p o r a t i n g  b l a n k i n g  and  b r i g h t n e s s  c o n t r o l  i n v e r s e l y  p r o p o r t i o n a l  
t o  t h e  d i s t a n c e  o f  t h e  p o i n t s  b e h i n d  t h e  s c r e e n .  T h i s  w i l l  
s e r v e  a s  a n  a d d i t i o n a l  d e p t h  cue .  I n  i t s  comple ted  form, t h e  

d i s p l a y  sys tem w i l l  be expanded t o  t h e  f u l l  s i x  d e g r e e s  of 
freedom p l u s  one d e g r e e  o f  p i l o t  head  mot ion .  T e s t s  w i l l  be 

r u n  t o  assess  t h e  e f f e c t  of  t h e  d e p t h  c u e s  on a p i l o t ' s  a b i l i t y  
t o  per form v a r i o u s  c o n t r o l  t a sks  w i t h  s i m u l a t e d  v e h i c l e  dynamics.  

2 .  S w i t c h i n g  Locus Phase P l a n e  D i s p l a y  

C o n t i n u a t i o n  o f  o u r  work on t h e  u s e f u l n e s s  o f  p h a s e  p l a n e  
d i s p l a y ?  f o r  c o n t r o l  o f  h i g h  o r d e r  sys t ems  l e d  t o  t h e  c u r r e n t  
work on "nea r -op t ima l "  manual c o n t r o l .  The a d d i t i o n  o f  a t ime 
optimum s w i t c h i n g  l i n e  t o  t h e  d i s p l a y  has been  shown t o  improve 
manual c o n t r o l .  I n  t h i s  s t u d y  t h e  c o n c e p t  was ex tended  t o  t h e  

g e n e r a t i o n  of a moving " s w i t c h i n g  l o c u s "  o n  t h e  phase  p l a n e  f o r  
c o n t r o l  o f  h i g h  o r d e r  sys tems.  The r e s u l t s ,  w h i l e  v e r y  encour -  
a g i n g ,  do n o t  p o i n t  c l e a r l y  t o  a n  e x t e n s i o n  o f  t h e  t e c h n i q u e  t o  
f o u r t h  o r d e r  sys t ems  because  o f  c o m p u t a t i o n a l  complex i ty .  The 
r e s u l t s  of  t h i s  work were summarized i n  t h e  p a p e r  "Manual Time 
Opt ima l  C o n t r o l  f o r  High Order  P l a n t s "  by Yasui  and  Young, sub- 
m i t t e d  f o r  p r e s e n t a t i o n  a t  t h e  USC-NASA Confe rence  on Manual 
C o n t r o l ,  March 1967. The a b s t r a c t  f o l l o w s :  

A b s t r a c t :  

The c o n c e p t  of a s w i t c h i n g  s u r f a c e  (SS)  i s  a p p l i e d  
t o  c l o s e d - l o o p  manual time o p t i m a l  bang-bang c o n t r o l  
o f  h i g h  o r d e r  sys tems by v i s u a l l y  d i s p l a y i n g  t h e  
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i n s t a n t a n e o u s  p o s i t i o n - v e l o c i t y  e r r o r  s p o t  and  t h e  
s w i t c h i n g  l o c u s  (SL)  s i m u l t a n e o u s l y  o n  t h e  phase  p l a n e .  
SL is  a c u r v e  d e s c r i b i n g  t h e  i n t e r s e c t i o n  between SS 
and  t h e  p l a n e  p a r a l l e l  t o  t h e  phase  p l a n e ;  for example 
r e p r e s e n t i n g  t h e  l o c u s  i n  t h e  i n s t a n t a n e o u s  a c c e l e r a -  
t i o n  p l a n e  for t h i r d  o r d e r  p l a n t s .  The o p e r a t o r ' s  
t a s k  i s  t o  a c h i e v e  minimum time r e s p o n s e  by r e v e r s i n g  
c o n t r o l  p o l a r i t y  when t h e  moving s t a t e  p o i n t  i n t e r s e c t s  
t h e  moving SL. 

The g e n e r a l  p r o c e d u r e  i s  o u t l i n e d  f o r  n - t h  o r d e r  
p l a n t s  w i t h  r e a l  p o l e s ,  a n d  a t e c h n i q u e  s u i t a b l e  for 
a n  a n a l o g  computer  t o  g e n e r a t e  t h e  e x a c t  or a p p r o x i -  
mate SL i s  proposed .  The second o r d e r  p l a n t s ,  1/,2 
and l/s(s + a), a r e  p r e s e n t e d  a s  p r e l i m i n a r y  examples ,  
f o r  which t h e  s w i t c h i n g  l o c i  do n o t  move. The t h i r d  
o r d e r  p l a n t ,  1/s3, i s  s t u d i e d  i n  d e t a i l  a s  a n  example 
o f  h i g h e r  o r d e r  p l a n t s .  S a t i s f a c t o r y  e x p e r i m e n t a l  
r e s u l t s  have  been  o b t a i n e d  f o r  a l l  examples  g i v e n .  



I V .  HUMAN OPERATOR MODELLING 

Two major  p r o j e c t s  i n  m o d e l l i n g  t h e  human o p e r a t o r  were 
comple ted  d u r i n g  recent  months. These  m o d e l l i n g  e f f o r t s  b o t h  
r e p r e s e n t  o u r  c u r r e n t  p a t t e r n  o f  d e p a r t i n g  from c o n v e n t i o n a l  
q u a s i - l i n e a r  mode l l ing ,  which i s  o f t e n  s u f f i c i e n t l y  a c c u r a t e  
f o r  engineer ing  p u r p o s e s ,  and c o n c e n t r a t i n g  on some o f  t h e  " f i n e  
s t r u c t u r e ' '  which may i n d i c a t e  t h e  o r g a n i z a t i o n  o f  t h e  o p e r a t o r ' s  
c o n t r o l .  

1. L e a r n i n g  Behav io r  

A new approach  t o  a d a p t i v e  and  l e a r n i n g  b e h a v i o r . i n  manual 
c o n t r o l  was p r e s e n t e d  by A .  E. P r e y s s  i n  h i s  Sc.D. thesis  
(MVT-67-1) t h e  a b s t r a c t  o f  which f o l l o w s :  

A b s t r a c t :  

A t h e o r y  i s  p r e s e n t e d  f o r  t h e  e x p l a n a t i o n  o f  human 
l e a r n i n g  b e h a v i o r  i n  a manual c o n t r o l  t a s k .  I n  t h e  
per formance  of  a psychomotor t a s k ,  a human o p e r a t o r  
r e s p o n d s  t o  s e n s o r y  s t i m u l i  w i t h  l imb  movements. T h i s  
complex p s y c h o - p h y s i o l o g i c a l  phenomenon i s  c o n c e p t u a l -  
i z e d  a s  a s i n g l e  channe l  i n f o r m a t i o n  p r o c e s s i n g  sys t em.  
A s e n s o r ,  a d e c i s i o n  c e n t e r  and  a n  e f f e c t o r  a r e  t h e  
s e r i a l l y  connec ted  components o f  t h e  sys tem.  Trans -  
m i s s i o n  and p r o c e s s i n g  o f  i n f o r m a t i o n  t a k e  t ime, and  
t h e  d e l a y  between t h e  r e c e p t i o n  o f  a s e n s o r y  s t i m u l u s  
and  t h e  e x e c u t i o n  o f  a motor  r e s p o n s e  i s  t r e a t e d  a s  a 
f i n i t e  sum o f  component t imes which a r e  assumed t o  be 
s t a t i s t i c a l l y  independent  random v a r i a b l e s .  

I n  t h e  d e c i s i o n  c e n t e r  r e s p o n s e s  a r e  s e l e c t e d  from 
a s e t  o f  p o s s i b l e  c o n t r o l  p o l i c i e s .  S t o r e d  i n  memory 
a r e  a p r i o r i  e s t i m a t e s  o f  t h e  p r o b a b i l i t y  t h a t  a s p e c i f i c  
p o l i c y  s h o u l d  be  i n  f o r c e  a t  t h e  moment o f  d e c i s i o n .  
P o l i c y  s e l e c t i o n  i s  de te rmined  by a r u l e  which t a k e s  
t h e  p r i o r s  i n t o  a c c o u n t .  L e a r n i n g  i s  e f f e c t e d  by a r e -  
v i s i o n  o f  t h e  p r i o r s  based on t h e  w e i g h t i n g  o f  c e r t a i n  
e v i d e n c e .  Bayes '  theorem i s  t h e  r e v i s i o n  r u l e .  S imple  
and r e a d i l y  p e r c e i v e d  e v e n t s  i n  t h e  s t a t e  h i s t o r y  o f  
t h e  dynamic p r o c e s s  be ing  c o n t r o l l e d  a r e  used  f o r  e v i -  
dence  i n  r e s o l v i n g  c o n t r o l  p o l i c y  u n c e r t a i n t y .  
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A model o f  human l e a r n i n g  b e h a v i o r  i s  t h e  computer  
program o b t a i n e d  from a t r a n s l a t i o n  o f  t h e  t h e o r y  i n t o  
machine l anguage .  Behavior  o f  t h e  model depends n o t  
o n l y  on t h e  r u l e s  o f  i n f o r m a t i o n  p r o c e s s i n g  p o s t u l a t e d  
by t h e  t h e o r y ,  b u t  a l s o  on a set  of p a r a m e t e r s  c h a r a c -  
t e r i z i n g  t h e  men ta l  and p h y s i c a l  a t t r i b u t e s  o f  an  i n d i -  
v i d u a l .  Model b e h a v i o r  i s  compared w i t h  s u b j e c t  
b e h a v i o r  obse rved  i n  a motor s k i l l  expe r imen t  performed 
a t  M.I.T.'s Man Vehic le  L a b o r a t o r y .  

A s  se t  f o r t h ,  t h e  t h e o r y  e x p l a i n s  how a human 
o p e r a t o r  l e a r n s  t o  r e g u l a t e  t h e  s t a t e  of  a dynamic 
p r o c e s s  u s i n g  a r e l a y  c o n t r o l l e r .  G e n e r a l i z a t i o n  o f  
t h e  t h e o r y  t o  o t h e r  t a s k  c o n t e x t s  i s  d i s c u s s e d .  

2 .  M u l t i l o o p  C o n t r o l  

An approach  t o  t h e  m u l t i - l o o p  manual c o n t r o l  problem h a s  
been  t a k e n  assumeng a cascade  model f o r  t h e  o p e r a t o r .  The u s e  
o f  a v e r a g e  t r a n s i e n t  r e s p o n s e s  t o  ramp i n p u t s  a s  a r a p i d  iden -  
t i f i c a t i o n  t e c h n i q u e  f a c i l i t a t e d  s t u d y  o f  t h e  s i t u a t i o n .  The 
i n v e s t i g a t i o n  i s  d e s c r i b e d  i n  r e p o r t  MVT-67-2 " H e l i c o p t e r  
C o n t r o l :  A Multi-Loop Manual C o n t r o l  System," by G. R.  Friedman. 

A b s t r a c t  : 

The human o p e r a t o r ' s  per formance  i n  a h i g h  o r d e r ,  
m u l t i - l o o p  t a s k ,  t y p i f i e d  by t h e  h e l i c o p t e r ,  i s  
s t u d i e d  u s i n g  t h e  method o f  a v e r a g e  r e s p o n s e s .  T h i s  
method p e r m i t s  a time domain, t r a n s i e n t  i n p u t  a n a l y s i s .  
A c a s c a d e  model c o n f i g u r a t i o n  f o r  t h e  human o p e r a t o r  i s  
proposed .  I n  t h i s  c o n f i g u r a t i o n ,  t h e  f i r s t  human ope ra -  
t o r  model c o n t r o l s  a t t i t u d e .  T h i s  model i s  i d e n t i c a l  
t o  t h a t  of t h e  s i n g l e - l o o p  model f o r  t h e  same dynamics 
and c o n s i s t s  o f  a l e a d  time c o n s t a n t  o f  5 seconds ,  a 
neuromuscular  l a g  o f  .1 second,  and a p u r e  time d e l a y  
of  .28  seconds .  The a t t i t u d e  r e f e r e n c e  for t h e  a t t i -  
t u d e  c o n t r o l  l o o p  i s  p rov ided  b) a second c a s c a d e  human 
o p e r a t o r  model c o n s i s t i n g  o f  a one second l e a d  o p e r a t i n g  
on t h e  p o s i t i o n  e r r o r .  A g e n e r a l  programming system f o r  
a v e r a g e  r e s p o n s e  expe r imen t s ,  u s i n g  t h e  GPS 29OT Hybr id  
Computer, i s  d e s c r i b e d .  



3. A R a t e  Gyro A u t o p i l o t  f o r  a Motorb ike  
I n  r i d i n g  a motorb ike  t h e  human o p e r a t o r  makes u s e  of  

v i s u a l  and  v e s t i b u l a r  i n f o r m a t i o n  t o  c o n t r o l  b o t h  r o l l  and  
head ing .  O u r  s t u d y  of  t h e  human b e h a v i o r  on t h i s  v e h i c l e  l e d  
t o  t h e  d e s i g n  o!' a n  a u t o p i l o t  t o  pe r fo rm t h e  t a s k .  The most 
r e c e n t  e f f o r t  i n  t h i s  d i r e c t i o n  was t h e  S.M. t h e s i s  o f  Lewis 
M .  Nashner ,  e n t i t l e d  " A  Rate Gyro A u t o p i l o t  f o r  a Motorb ike ,"  
M.I.T., Course X V I ,  J a n u a r y  1967, t h e  a b s t r a c t  o f  which 
f o l l o w s .  

A b s t r a c t  : 

The o b j e c t  o r  t h i s  t h e s i s  i s  t o  d e v e l o p  a n  a u t o -  
p i l o t  which m a i n t a i n s  t h e  r o l l  s t a b i l i t y  of' a motor-  
b i k e  and g u i d e s  i t  o n  a c o u r s e  commanded by a p a s s i v e  
r i d e r  on t h e  moto rb ike .  The s i n g l e  c o n t r o l  p a r a m e t e r  
ot' t h e  a u t o p i l o t  i s  t h e  s t e e r i n g  wheel angle .  The 
ieedback  s e n s o r  i s  chosen t o  g i v e  dynamic informa-  
t i o n  c l o s e l y  r e l a t e d  t o  t h a t  which i s  a v a i l a b l e  t o  a 
human r i d e r ,  t h e  sensory o u t p u t s  o f  t he  v e s t i b u l a r  
s y s t e m .  

The two most a p p r o p r i a t e  s e n s o r s ,  t h e  pendulum 
and t h e  r a t e  gyro, a r e  i n i t i a l l y  c o n s i d e r e d  i n  s i m -  
p l i f i e d  l i n e a r  s t u d i e s .  The r a t e  g y r o  s e n s o r  i s  
found t o  g i v e  s u p e r i o r  per formance  and  i s  chosen  a s  
the  f eedback  s e n s o r .  

The a u t o p i l o t  c o n f i g u r a t i o n  i s  f i r s t  s i m u l a t e d  
o n  a n  a n a l o g  computer  t o  a c c u r a t e l y  d e t e r m i n e  t h e  
r e q u i r e m e n t s  of' t h e  d r i v e ,  t h e  f eedback  compensa t ion ,  
and  t h e  l o o p  S a i n .  The  a c t u a l  hardware  i s  a s sembled  
t o  conform t o  tr.e s p e c i f i c a t i o n s  o f  t h e  s i m u l a t e d  
a u t o p i l o t  . 

The a u t o p i l o t e d  motorb ike  h a s  a well  damped 
r e s p o n s e  t o  s t e p  t o r q u e  d i s t u r b a n c e s  r e s u l t i n g  i n  
l e a n  a n g l e s  o f  u p  t o  30 d e g r e e s .  The r e s p o n s e  l i m i -  
t a t i o n  o f  t h e  a u t o p i l o t  i s  p r i m a r i l y  due t o  i t s  non- 
a d a p t i v e  l o o p  g a i n .  While a s i n g l e  f eedback  com- 
p e n s a t i o n  f o r  a l l  speeds  i s  used ,  a s p e c i f ' i c  s e t t i n g  
o f  I'eedback g a i n  l i m i t s  t h e  range of' b i k e  s p e e d s  for 
which t h e  a u t o p i l o t  i s  s t a b l e  t o  a small r e g i o n .  
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The a u t o p i l o t e d  motorb ike  i s  found t o  be d i r e c -  
t i o n a l l y  u n s t a b l e  when i t  i s  commanded t o  m a i n t a i n  a 
s t r a i g h t  c o u r s e .  A n a l y s i s  shows t h a t  c o n s i d e r a b l e  
improvement i n  t h e  a c c u r a c y  a n d  e l i m i n a t i o n  o ! '  d r i f t  
i n  t h e  r o l l  a n g l e  s e n s o r  w i l l  n o t  d e c r e a s e  t h e  
d i r e c t i o n a l  i n s t a b i l i t y  s i g n i f i c a n t l y .  Feedback 
i n f o r m a t i o n  or' t h e  l a t e r a l  e r r o r  oC t h e  b i k e  on i t s  
t r a c k  i s  n e c e s s a r y  i f  t h e  sys tem i s  t o  m a i n t a i n  a 
s t r a i g h t  c o u r s e  w i t h i n  a 15 meter t o l e r a n c e  f o r  
d i s t a n c e s  o v e r  200 m e t e r s .  
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